Catalytic acylation of nitriles with esters in the presence of 10 mol% NdNa 8 (O t Bu) 10 (OH) is developed. The procedure is suitable for both enolizable and nonenolizable esters and affords β-ketonitriles in moderate to high yields. The heterometallic alkoxide cluster NdNa 8 (O t Bu) 10 (OH) is structurally characterized by X-ray diffraction, and a mechanism for the production of β-ketonitriles using the cluster is proposed and verified. acylation, β-ketonitrile, catalysis, lanthanides, heterometallic complex, cluster Citation: Liu H D, Li L, Sheng H T, et al. Acylation of nitriles to β-ketonitriles catalyzed by a heterometallic alkoxide cluster of neodymium and sodium: NdNa 8 (O t Bu) 10 (OH).
β-ketonitriles are useful precursors for the synthesis of a variety of heterocyclic compounds including dihydropyrans, dihydrothiopyrans, pyrazoles, pyridones and imidazoles, as well as specific ketones upon decyanation [1] . Several methods for the synthesis of β-ketonitriles have been reported [2−7] . One of the most simple and direct approaches is the acylation of nitriles exploiting the acidity of the protons adjacent to the nitrile group. The initial acylation with sodium amide in liquid ammonia [8] gave higher yields than that with sodium alkoxide [9] . However, the route using sodium amide is accompanied by inherent hazards. Recently, the acylation of nitriles with unactivated esters using lithium diisopropylamide (LDA) or sodium hydride (NaH) as a base [10] and with activated N-acylbenzotriazoles using n-butyl lithium ( n BuLi) or potassium tert-butoxide (KO t Bu) [11] were developed. Very recently, the reaction of sterically hindered nitriles with enolizable and nonenolizable esters was successfully achieved using 3 equiv. of potassium tert-amoxide (KO t Amyl) giving the corresponding *Corresponding authors (email: xufan@suda.edu.cn; qshen@suda.edu.cn) β-ketonitriles in high yields [12] .
Recently we found that the clusters [Ln 2 Na 8 (OCH 2 CH 2 -NMe 2 ) 12 (OH) 2 ](Ln=Nd, Pr, Sm, Y, Ho) are active singlecomponent catalysts for the polymerization of ε-caprolactone as well as trimethylene carbonate. The reactivity of these clusters is much higher than those of the related lanthanide alkoxide and sodium alkoxide compounds, indicating that a cooperative effect may exist between the two different metals in these ring-opening polymerization reactions [13] . These results encouraged us to study further the application of heterometallic alkoxide clusters containing lanthanide and sodium in organic synthesis. Here, we report the synthesis of heterometallic tert-butoxide clusters containing lanthanide and sodium LnNa 8 (O t Bu) 10 (OH) (Ln=Nd, Sm, Yb) and their catalytic activity for the acylation of nitriles with esters.
Experimental

General remarks
All experiments were performed under argon, using standard Schlenk techniques. All solvents were distilled from sodium benzophenone ketyl prior to use. Nitriles and esters were dried over CaH 2 before being distilled. Melting points were uncorrected. 1 H and 13 C NMR spectra were obtained on Varian INOVA-400 spectrometer using tetramethylsilane as an internal reference. High resolution mass spectrometry (HRMS) data were obtained on a Micromass GCT spectrometer. New compounds were fully characterized by 1 H and 13 C NMR spectroscopy and HRMS.
General procedure for NdNa 8 (O t Bu) 10 (OH) catalyzed acylation of nitriles
A solution of NdNa 8 (O t Bu) 10 (OH) (107.52 mg, 0.10 mmol) in toluene (3 mL) was added dropwise to a solution of a nitrile (1 mmol) in THF (3.4 mL). The appropriate ester (4 mmol) was then added dropwise. The mixture was stirred at 60°C for a given time, and then diluted with HCl (0.25 mol/L, 100 mL) and EtOAc (100 mL). The organic layer was separated and washed sequentially with H 2 O (2×50 mL) and brine (2×50 mL), dried over anhydrous Na 2 SO 4 , concentrated in vacuo and purified by column chromatography on silica gel (eluent: EtOAc/petroleum ether) to afford the appropriate β-ketonitrile.
Results and discussion
Clusters of LnNa 8 (O t Bu) 10 (OH) could be synthesized in good yields by the reaction of LnCl 3 (Ln=Nd, Sm, Yb) with NaO t Bu in the presence of 1 equiv. of NaOH . X-ray structural determination of the Nd cluster [14] revealed that it contains one Nd atom, 8 sodium atoms, 10 OC(CH 3 ) 3 groups and one OH group. All of the metal atoms are located at the vertices of a capped square antiprism, with the Nd atom in the capping position ( Figure 1 ), which is as the same as that for the analogous Y cluster published previously [15] .
With the clusters in hand, their reactivity for the acylation of nitriles with esters was examined. The initial condensation of acetonitrile (1b) and ethyl benzoate (2a) in THF/toluene (1 : 1) containing 10 mol% NdNa 8 (O t Bu) 10 (OH) at room temperature provided the expected β-ketonitrile 3ba in 50% yield after 3 h. Because of this success, it was decided to optimize the reaction conditions. First, the effect of the molar ratio of each respective reagent was examined using the condensation of benzylnitrile (1a) and ethyl benzoate (2a) as a model reaction (Table 1 ). It was found that the presence of excess ester could significantly improve the yield and the highest yield was obtained with 1 equiv. of 3  30  2  1  2  3  52  3  1  3  3  62  4  1  4  3  84  5  1  4  1  58  6  1  4  5  80  7 1 4 8 74 a ) GC yield using methyl salicylate as an internal standard.
nitrile and 4 equiv. of ester (entry 4). The effect of reaction time on yield was also investigated. The yield increased up to a maximum value after reaction for 3 h (entry 4) and then decreased gradually as time progressed. The influence of temperature on the model reaction was also studied ( Table 2 ). The reaction progressed slowly at room temperature and a yield of just 38% was obtained (entry 1). Increasing the reaction temperature to 60°C increased the yield to 84% (entry 2). Further increasing the temperature decreased the yield (entries 3 and 4) compared with that obtained at 60°C. The results demonstrate that a lower temperature may result in incomplete reaction while overheating lead to undesired side reactions such as further condensation. After screening several solvents, it was found that the highest yield was obtained using a mixture of THF/toluene (1 : 1) (entry 2). Changing the solvent to dimethyl ether (DME) significantly reduced the reaction yield (entry 7).
The influence of the lanthanide ion in the cluster on the acylation reaction was then examined ( Table 3 ). The order of activity observed was Yb < Sm < Nd, which reflects the increasing radius of the metal ions, although the differences in the yields obtained were not great. Upon optimization of the reaction conditions, we examined the scope of the acylation reaction using a variety of nitriles and esters under the optimal solvent, reaction time and temperature conditions with 10 mol% NdNa 8 (O t Bu) 10 -(OH) as the catalyst ( Table 4 ). All of the reactions proceeded smoothly and afforded the corresponding β-ketonitriles in moderate to high yields. A wide range of suitable substrates, including enolizable and nonenolizable esters as well as aryl-and alkyl-substituted acetonitriles, were identified. It should be noted that the enolizable esters 2d and 2e gave acceptable yields of β-ketonitriles using this approach, even though an extended reaction time was required.
To the best of our knowledge, this is the first example of catalytic acylation of nitriles with esters to produce β-ketonitriles. Undoubtedly, the specific structure of the catalyst is the key factor that determines the success of the reaction. On the basis of the structure determined for NdNa 8 (O t Bu) 10 (OH) [14] , a general mechanism for this reaction was proposed ( Figure 2 ). As the first step, an interaction between the oxygen atom of the C==O bond and the central Nd(III) ion occurs, which is driven by the Lewis acidity of the Nd(III) ion. At the same time, the nucleophilicity of the α-carbon atom of the cyano group is increased by deprotonation by the sodium alkoxy moiety of the catalyst [16] . alkoxide and the active species B, which regenerates the catalyst. It is likely that the lanthanide metal in the cluster acts as a Lewis acid to active the ester, and the sodium alkoxy moiety functions as a Brønsted base to deprotonate the nitrile. To confirm this mechanism, supplementary experiments were attempted using 80 mol% NaO t Bu or 10 mol% NaOH as the catalyst in the model reaction under the optimized reaction conditions. A 53% yield was obtained in the former case and no desired product was detected in the latter, indicating that the reaction was promoted by the cooperation of lanthanide and sodium ions.
Conclusions
In summary, the first catalytic acylation of nitriles with esters allowing efficient preparation of β-ketonitriles in the presence of 10 mol% NdNa 8 (O t Bu) 10 (OH), a heterometallic alkoxide cluster containing of neodymium and sodium, was demonstrated. Moderate to high yields were obtained using both enolizable and nonenolizable esters. Further studies on the catalytic system to examine the scope of its applications are in progress.
